I. Introdwthm
The strong nuclear field of high-2, highly charged ions provides an ideal environment for measuring the nonperturbative aspects of QED theory where (za) = 1. This is especially true for the contributions from the electron self-energy. The self-energy contribution cannot be tested in high-2 muonic atoms, and higher order terms in (za) are too small in low-2 rnulti-electmn ions and cannot be measured relative to the size of the uncertainties in solving the Schroedinger equation.
Highly charged, high-2 ions have been produced in a variety of sources. In tokamaks and high-power laser-produced plasmas the highest attainable charge state of uranium, the highest-2 naturally occurring element, approaches that of nickellike U@+. Yet higher charge states, have been produced in heavy-ion accelerator, as attested by two recent measurements of the K-shell transitions in hydrogenlike and heliumlike uranium [1,2]. While accelerators combiied with storage-ring facilities can now provide virtually any ion imaginable, the experimental conditions are very challenging. Ions are moving at relativistic speeds, and there typically is a high-radiation environment, As a result, only two other spectroscopic measurements of very highly charged uranium ions have been reported apart from the two measurements already mentioned. These are the measmments of the 2s1~2p1/2 energy splittings in lithiumlike U8* [3] and in heliumlike @o+ [4].
During the past six years the electron beam ion trap (EBrr) has been opemtd as a spectroscopic source at the Lawrence Livermore National Laboratory. Like ion-beam accelerator facilities it also is able to produce very highly charged ions. This included ions as highly charged as neonlike @+ [5] . Recently, a high-energy version, dubbed Super-DIT, started operation.
This machine has produced ions as highly charged as bare @+ [6] . Unlike accelerator sources, the ions in EBIT are stationary and trapped in the spacecharge potential of the electron beam.
Their thermal temperature was shown to be less than a few hundred eV 171. As spectroscopic sources the EBIT devices thus use the inverse of the accelerator-based beam-foil or beam-gas jet technique. Instead of a stationary electron target interacting w i t h relativistic ions, the ions in c EBIT form a stationary target interacting with a relativistic electron beam. Under these conditions, " s t a n W ' spectroscopic techniques can be applied to measuring the emission from highly charged ions 181, and systematic measurements over a wide range of ions and transitions are possible.
Experiments on EBlT so far include high-resolution crystal spectmmeter measufements of the x-ray emission from M-shell transitions in nickellike U64+ and LshelI transitions in neonlie Ug2+, as well high-resolution crystal specaometer measurements of %1/~-3p3/2 transitions in near sodiumlike and of %r/z-2p3/2 transitions in near heliumlike uranium.
Moreover, measurements of K-shell transitions have been made w i t h solid-state detectors that prove the production of hydrogenic and lithiumlike Uranium. The relatively easy access to highly charged ions and the precision achieved in these measurements, which rivals and exceeds that of other source, indicates that experimental atomic physics has finally enteral an era, where all ions of all elements in the periodic table are acceSSible to scrutiny.
In the following, we present an overview of spectroscopic measurements of highly charged ions using the EBIT facility. We discuss the focus of our current mearch effort, and we illustrate some of Super-EBIT functions almost identically to EBlT. However, modifications to the electron gun and collector assembly allow the use of electmn beams with energies exceeding 200 kV [12] .
In. SD ectroscoDic Instrumentation
Because EBlT was designed as an x-ray source, instnunentation emphasized x-ray detection and analysis. Solid-state detectors provide a highly efficient means for x-ray observation because of their near 100% quantum efficiency. Efficiency is especially important, as the number of photons produced in EBIT is low compared to plasma or beam-foil sources.
Another advantage is their wide energy coverage. Crystal spectrometers provide much higherspectral resolution than solid-state detectors. Their counting efficiency, however, is greatly reduced mainly because of low crystal reflectivities.
Because of the 50-pn width of its electron beam EBlT represents a line source. It is thus well suited for the deployment of flat-cxystal spectrometers in the von H h o s geometry, The von €&nos geometry provides focusing of x rays in the non-dispersive direction. As a result, its efficiency surpasses that of a flat-crystal spectrometer [13] , and, by employing large-radius Recently, we have implemented a von H6mos-type spectrometer that employed a detector w i t h high quantum efficiency for photon energies exceeding 10 keV [21] . This allowed us, for example, to measure the electric dipole and magnetic quadruple transitions from levels ( 2~5 3~ 3~1~) J=I and ( 2~5 3~ 3~1~) j=2 to ground; respectively, as shown in Fig. 2 (a) . These lines were recorded in second order Bragg reflection. The wavelengths of these lines are determined relative to the wavelength of the Lyman-a lines in manganese measured in first order, whose energies are given by Johnson and Soff [22] . Similar use of hydmgenic reference lines is used in'virtually all of our crystal-slxctrometer measurements. A spectrum of the manganese . , t transitions is shown in Fig. 2(b) [27] . A high-resolution spectrum of the 2s1/2-2p3~ transitions in lithiumlike U89+ through neonlike U82+ is shown in Fig. 4 . Nevertheless, measurements of the QED contributions to the uranium 1s electron are in progress [28] and promise to provide very high precision results.
In recording the 2~1/2-2p3/2 transitions the ionization balance in the trap was varied by changing the electron energy, the neutral gas density (Le., the charge-exchange recombination rate), and the effective current density [27] . This allowed a study of the full range of charge states from U82+ to @9+. The beam energies used were well above the 33-keV ionization potential of lithiumlike a result, we observed and unequivocally identified the features produd by a l l thirteen 2s1/2-2 p 3~ electric dipole transitions from the eight ionization stages GZ+ through @+ that were predicted to fall in our spectral region [27$ and below the 130-keV ionization potential of heliumlike vs(k. As
From these measurements we determined 4459.37kO.35 eV for the 2s1/2-2p3/2 transitions in lithiumlike @9+ w i t h a 90% confidence level [27] . More recently, we measured measurements. The agreement with theory is illustrated in Fig. 5 Crystal-spectrometer spectrum of the 2s1/2-2p3/2 electric dipole transitions in Ua+ through U89+. Lines are labeled by the charge state of the emitting ion. 
Figure 6
Average difference between MCDF calculations and measured 2-2 transition energies for different charge states of thorium and uranium. The difference increases for the lower charge states due to difficulties in calculating the electron correlation terms. 
